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N  -atoms 
K  iiu-tirs 


We  have  studied  the  products  of  Ar/N.,0  microwave  discharges  to  deter¬ 
mine  th'  ir  fitness  as  sources  of  atomic  oxygen  in  discharge-flow  reactors. 

For  NAO  feed  r.it<  s  below  lo-Hopmol  s'*,  the  discharge  converts  about 
7  >  percent  of  the  N.,0  to  atomic  oxygen,  and  in  addition,  produces  small 
quantities  of  atomic  nitrogen,  eeneraily  less  than  in  percent  of  the  O-atom 
product.  At  higher  N<>0  feed  rates  the  O-atom  production  efficiency  de¬ 
creases,  and  some  nitric  oxide  accompanies  the  O-atoms  out  of  the  discharge 
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20.  Abstract  (Contd) 


At  some  intermediate  NqO  feed  rate,  the  exact  point  being  a  function  of  the 
discharge  power  and  the" Ar/^O  mixing  ratio,  neither  N  nor  NO  leaves  the 
discharge,  only  atomic  oxygen.  Adding  molecular  nitrogen  to  the  discharge 
also  eliminates  any  NO  product,  but  at  the  penalty  of  a  slightly  reduced  O-atom 
production  efficiency.  We  have  produced  atomic  oxygen  flows  in  excess  of 
20  Mmol  s"l  at  pressures  near  1  Torr  and  discharge  powers  of  only  30  W. 

We  have  developed  a  kinetic  model  of  the  discharge  to  help  explain  the 
experimental  observations.  Our  model  reproduces  our  experimental  observa¬ 
tions  reasonably  well  only  if  the  electron-impact  dissociation  of  the  N2O  in 
the  discharge  proceeds  through  a  spin-forbidden  channel  to  produce 
0(3p),  and  if,  in  addition,  about  2  0  percent  of  the  N2O  dissociations  result 
from  collisions  between  metastable  Ar  atoms  in  the  discharge  and  N90. 
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O-Atom  Yields  From 
Microwave  Discharges  in  ^O/Ar  Mixtures 


1.  INTRODUCTION 


Atomic  oxygen  sources  for  flow  reactors  take  a  variety  of  forms,  and  each 
has  its  own  particular  strengths  and  weaknesses.  The  simplest  technique  for 
making  atomic  oxygen  is  to  dissociate  molecular  oxygen,  usually  in  some  form 
of  discharge,  the  2.45-GHz  microwave  discharges  being  most  common.  1  These 
sources  are  somewhat  limited  in  overall  yield  and  generally  produce  large 
quantities  of  accompanying  electronically-excited  metastable  singlet  molecular 
oxygen  —  (^(a  b  *£*).  ^  In  pure  molecular  oxygen  the  dissociation 

efficiency  is  generally  only  a  few  percent.  0  If  the  oxygen  is  highly  diluted  in  a 
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rare  gas  buffer  such  as  Ar  or  He,  dissociation  eifieiencies  can  exceed  50  per¬ 
cent.'  '  but  due  to  tiie  large  dilution,  the  overall  atomic  oxygen  yield  is  still  low. 
l  he  other  major  technique  is  to  convert  N-atoms  to  O-atoms  ;iv  titration  w  ith 


N  +  Nil 


This  technique  has  the  advantage  that  the  absolute  flow  rates  will  be  equal  to  the 
flow  rate  of  the  nitric  oxide  added,  provided  atomic  nitrogen  is  in  excess  and  that 
the  measurements  requiring  the  oxygen  atoms  are  made  before  they  have  a  chance 
to  recombine.  If  significant  recombination  obtains,  a  large  fraction  of  the  molec¬ 
ular  oxygen  formed  in  the  atomic  recombination  w  ill  be  00(a  ).  ^  The  yields 

of  atomic  nitrogen  from  conventional  discharge  sources  are  generally  even  lower 
than  those  from  oxygen  discharges,  so  the  maximum  O-atom  flow  rates  again  are 
limited. 

The  thermal  decomposition  of  0.)t  G„,  or  N.,0  in  contact  with  a  Ncrnst  glower 

“  <i  rq 

is  also  useful  for  certain  applications."'  The  claims  for  the  lack  of  reactive- 

impurity  production  by  this  technique  are  mixed,  and  yields  arc  small,  being 

-  1  o 

limited  to  atomic -oxygen  flow  rates  less  than  a  micromole  s 

Photolysis  of  molecular  oxygen  or  some-  other  oxygen-donating  species  w  ith 
vacuum  ultraviolet  laser  pulses  provides  a  potentially  very  clean  source  of  atomic 
oxygen.  ^  Producing  radially  and  axially  uniform  number  densities  of  O-atoms 
in  the  flow  tube,  however,  requires  extreme  care.  In  addition,  current  laser 
development  limits  this  technique  to  atomic-oxygen  flow  rates  on  the  order  of 
.  1  nmol  s  1  or  less. 

•Several  years;  ago,  f'»g  claimed  that  microwave  discharges  through  mixtures 
of  \r  '  > /N,1  .‘.on!',  produce  copious  quantities  of  atomic  oxvtrcn,  free  from 

i  > 

troie-  ular  oxvgei:.  He  o<  om  en  atom  i'  -  oxegei;  produ«  tion  rntf  s  an  order  of 
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CPC  HlSt.  Kcseareh,  Physical  .Sciences  Inc.,  TK-208. 

12.  ling,  A.  Y,  M.  (C>75)  A  miei  >wave  discharge  in  N-,0-N->  mixtures:  A  prolific 
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magnitude  greater  with  N00  discharges  than  he  could  obtain  using  a  molecular- 
oxygen  discharge  operating  under  the  same  conditions.  His  measured  yields  were 
not  particularly  impressive,  a  maximum  O-atom  flow  rate  of  0.  5  n mol  s  1,  but 
the  atomic  oxygen  his  discharge  produced  clearly  suffered  severe  depletion  by 
recombination  between  his  discharge  and  detector. 

Intrigued  bv  Ung's  results,  and  needing  to  find  a  technique  to  product  relative¬ 
ly  large  flows  of  atomic- oxygen  without  large  accompanying  flows  of  melt  eular 
oxygen,  v.  e  began  to  investigate  iurther  the  characteristics  of  Ar/.V,1.)  lis.Turgc-s. 
Using  a  discharge  -flow  apparatus  to  measur*  tin  air  -afterglow  inh-nsitv1’'*  *  *  as 
a  m:>  ‘lion  tilt  number  density  >»!  mire  oxide  injected  downslieaiu  u  t!,e  mim  harm  , 
we  ue term int  .i  number  uensue,  ol  -itomi «oxvci  n  and  tuner  :uor..i-  -nitrogen  <>i 
,u:ri,  -xi.i'  b’-o-ni.-is  in  the  ;>is-.  barge  •!  gasis.  U  hile  out  results  "  il:  not  suppor* 
Ung's  claim  that  oxvaen-r.toiv  ;  roduetion  i-  an  order  of  inagnituti  ...or-  t  ftjeiet.t 
using  N-  ,U  as  the  uis>  harge  gas  as  opposed  to  moleenlai  oxygen,  tie  v  .10  -how  that 
Ar/N,,t>  discharges  produce  .am-  flow  rates  of  atomic  oxygen  ami  that  furthermore, 
under  certain  conditions  negligible  flow  rates  of  atomic  nitrogen  or  mine  oxide 
accompany  ihc  atomic-oxygen  !low. 

I  \ITKIMi  NT  \l. 


2.1  V|i)iaratus 

The  apparatus  is  a  modification  of  one  we  have  used  previously  in  a  numbet 

1  y  _  1  ( 1 

of  otliei-  studies.  It  consists  of  a  2 -in.  flow  tube  pumped  bv  a  Leybold- 

Heraeus  Hoots  blower /forepump  combination  capable  of  producing  linear  velocities 
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pp.  83-100. 
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for  deactivation  of  No(A)v'  =  0,  1  by  O,^,  J.  Chem.  Phys.  74:2888. 
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up  to  .1  •  lit  cm  s  1  at  pressures  oJ  !  I  -rr.  Ini  i  ;»v.  -rtih<  a 

(see  r  tpiru  ll,  .v itn  separai-  iic.ru  ,  rea-  turn.  at.-:  -i<  i.t  ..  Uor.  .-t  u.-.-s  it:.-l  . 

ti'ri'-Uu  r  a  an  u-i'Uii;  joints.  .ii-uxti.r  m  a.,  is  a  ft-,  .anu-.i  •.  -  - 

bl*  •  tort"!  out  interna::  v  to  a  .  -m.  -■>>  .  it.-tr  .toss  st  ■■  turn  ■ 

:  ■  :  mi.  (iJunont  i'  i 1  y  !  ■  a”,  -  :  •.  c.  •  ; 

1  )  .  .  1 

atoms.  “  1  he  surta.-i  .-.as  nr.-  .-..a  with  o.aeb  prim*'  r  pj  wr  '■  sin  i<  i.-.n  o.r.:. 

to  r-'iru- -  s  ,tt-  -i  lie;  t  iris.  i.  !t  tl.t  bio  I.-.n  vie  a  ini:  -  -  :-tir  -  -  i 

four  :  uitt:  ports  each  on  tin  Pur  faces  •?:  the  him  b  an  •  :  artf.  .  r.-\  a  •ii.~*.«:; 

•  :  -a:;,  ihe  circular  ports,  all  of  which  ..nuiitt  M.  :  ,  t.  •  •  an  a. 

hate  vacuum  ultraviolet  rt  sonar.  c  lamps.  !nonochromatnr  ::  i-  rir-  -  .  am  : 

delivery  side-arms,  or  in  the  a  so  of  these  stuoii  a  spate. r>  •  eh-'  - 
mult  ipiier  ' interfere  re  filt*.  r  on  bination. 

i'he  experiments  requires  two  types  oi  optical  netu-an  :it.~.  \  .  --r, 

monochromator  >  therm  or  if  ctri  call  y-  coo  ied  photomultiplier  U .  .U !  "•  . \  ' '  pilot;  -  a  - 
counting  rate  meter  (PAHl  1  In'.)  combination  determined  tin  chemiluniinesc,  :i,  e 
spectra  in  the  flow  tube  between  lit  >  and  do-,  nm  under  a  variety  of  ••<»u:iti<ms  to 
support  the  interpretation  of  the  bulk  of  the  measurements  that  used  a  filtered 
photomuitipler. 
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Figure  1.  !•  AKIK  Apparatus  Modified  for  \r  \.,t 1  I  >is,  liarj,  i  xp*  i  intents 
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2'h  Re  re,  (I.  (  .  ,  and  Kieppner,  lJ.  (H-i.2)  llev.  -s,  i.  I'.str. 


the  ji  us.  lli'  apertures  reduced  s  littered  tight  troin  the  discharge  !>\  a  factor  of 


ih  1 1 iti ■ ; ; i  ;  •  ,v>  iilti  i  in  iinii’.  i:  til.  photo. nuitip;  tel  is  rente  ten  ut  hi'  mi; 

»!;■*  h.f  a  f-.di— a  idii’-n  t -ha  If- maximum  bond  pass  of  id  mu.  This  a.  avcleiu  th  i.- 

ii-  nr  tue  m  ai:  ;>i  me  emission  u-im  the  _iv  =  4  scqui’mi'  of  tin  nitrogen  tirsi- 

nusiuvi  hands  win  n  thev  are  excited  by  atoinn  -nitrogen  recombination,  '  ana  also 

•>•>  ‘0-1 

is  lit  ai  tin  pel-.  1.  ui  mi  .i  ir-aftermov.  int*  nsity  distribution.  In  addition,  this 

band  pass  is  imst  nsitivc  to  ehemiuimineoccdce  from  the  nitric  oxide/ ozone  system, 
v.  hieh  lias  a  snort  wavelength  cutoff  of  ihlh  nin,  and  eliminates  the  strong  argon 
lines,  most  of  which  are  to  the  red  of  Ton  nm,  which  arc  scattered  from  the  dis- 
clri  rgi  . 

v  photomultiphei  gain  oi  only  1 .  >  •  !  i  suffice  d  for  al!  measurements  because 
of  the  unusually  good  red  response  ot  the  puotonmitipiicr  (H  l’V  K<i  i.ri).  A  picoam- 
neti  r  (Kcithlv  4  I TS) '  strip -chart  recorder  (ileath  SK  20:i)  combination  chronicled 

1  c  it',!  •'  ip:,  ;•  ot,tput. 

i  io.'.  s  i , ;  argon,  nitrous  ox  me,  and.  in  some  cases,  mitogen,  pass  li.rougn  a 
1  •  o.i-i  o.  I'  .ri  x  tub;  siinuiui;i"(!  b\  a  Mi  Carroll  m icrov. :tvt  -discharge 
it  .  i-cf  inp  'mg  tin  mi:.  fi.e*  :ul«  •  Nitrii  oxide,  in  n  substantial  flow 

(-  V  pi  :  '  tni  *h,  ••■t.-.t  flow)  of  h-  i mm  loins  toe  discharged  gases  in  the  main 

,  lion  ~A  tin  tlov  tin  i  through  nn  inje-  tor  inori’.ated  irom  a  l-m.  diameter  loop 
’!  i  -non  o.  i.  | ’id;. i  tip,  n.  nc  until  ining  a  large  number  of  small  holes  around  both 
its  inner  and  ouu  r  p*  riinct>  rs.  line  helium  iiow  out  of  the  injector  gives  injected 
.  ■  -  s  :■  sig.iifi  ant  velocity  as  tin  >  enter  thi  main  flow,  thus  aiding  their  mixing. 

■'d. in.  ii  ..i  deter. aini  t!»  ■  |.  1  rates  ot  areou  and  nitrogen,  rotnniet  is 
<  •  o.  n.  -i.:  o. .  l  ■ :  •  •  i  ■  ■  I:  :  i  c  .  :r  t.n  run  »:  .:  i  <  ns  I  ill  s.-ui  ■  v.illi  um. 

.  ,  .ill  r  .  -I.,  (  !  -V  )  .i,"i  :  I:,'.'...,  lop.  iron.  i’iiVS. 

.  ’  .  .  :■  !.  (  .  .  m  :  -  in;:',  !l.  i.  ( 1 : •  ■  ■  * )  vbsohiti  'juanuini  yield 

.•  •  ot  ’ll  V  1  -  i.)  !•••;  ten.  in:  .  its  us*.  :  riandard  for 

; .  i : : : ,  1 1 1 1  s i  i  lit  :  ■  a  i  u. i  ,■  s ,  .1 .  <  !i>  n . .  i  ’h \  s .  4  '  u  -  4 . 

ii .  ,  M  u  i  ika ,  i.  ,  o.o  -'vnkiiiiiL.i  a,  vl.  1 1  ;•<.,■  i )  vhsoiute  rate  constant 

i,  l "  :  . :  m : 1 1  i: u  .  cm  ;  :  a  ti.ii:  it  :u  iir  l ox  vgen  a  :  ;'n  nitre  o  .1  1  , 

i ,  ;>.  T  , 

I’,  v..  ici  I  P.iush,  1 5.  ,\ .  (!:•!)  W  I'hanisit.  o:  i:u  .  iieuiiitimiiH  s.  i  tit 
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.UUJi:c  ;i  li  i  Ilk  ^  i;k  i  .u'1,  ::ilt  oi  lilt:  l.  u\l  .t  . 


■a  in.  v-tuiui  an-u  t»v  iiKtisurim;  ralt's  ;'i  unri  a;v  ol  pnssuti  a  till  u:r.<  tt,u>  -1  2- 
t>r  i_-i  Masks,  tisiiiL*  approprinti  uifu-ri  tituu  pri  ssun  trans.im-t  rs  (Vniuiym- 
DF-lt),  which  hail  thcmselvi  s  been  calibrated  with  silicon  mi  <>r  imnurv 
iiianomt’UTS.  typically  the  itmv  rates  ior  araon,  nitrous  oxide,  anu  helium  were 
l-i'.i",  i  to  1  'ii,  12  '  twwi  s  \  respectively,  tile  total  pressure  1.2  •  loi  r,  and 
tile  flow  voir  tv  11  ■  ,-n  s 

l’lte  argon  and  nitrogen  flow  through  moieeuiar-sieve  traps  to  remove  ll90 
and  t  O  prior  to  entry  into  tlte  flow  reaetor,  while  the  helium  flows  through  the 
injector  straight  from  the  cylinder.  Most  experiments  used  nitrous  oxide 

i)  percent)  straight  from  the  cylinder  w  ithout  further  purification.  The  major 

•>  (; 

impurity  in  nitrous  oxide  is  air.  We  tried  removing  any  air  from  one  lecture 
bottle  of  nitrous  oxide  bv  freezing  the  contents  of  the  bottle  w  ith  liquid  nitrogen 
and  then  pumping  on  it  until  the  pressure  was  below  1  mTorr.  No  volatile  residue 
remained  after  a  few  cycles  of  thawing,  refreezing,  and  pumping.  Experiments 
with  nitrous  oxide  purified  in  this  manner  gave  identical  results  to  those  in  which 
the  nitrous  oxide  was  used  straight  from  the  cylinder.  Nitric  oxide,  wihich  was 
stored  in  a  5-f  bulb,  was  purified  by  flowing  slowly  at  atmospheric  pressure  and 
room  temperature  through  an  asearite  trap,  then  through  a  trap  immersed  in  a 
liquid  nitrogen/ methanol  slush  bath  (175  K).  Final  nitric  oxide  purification 
involved  several  freeze,  pump,  and  thaw  cycles  of  the  gas  in  the  storage  bulk. 

The  asearite  trap  had  been  previously  baked  overnight  under  vacuum. 


2.2  Determination  of  <)  and  \  or  .NO  Number  Densities  by  Air-Afterglow 
Measurements 


Mixtures  of  atomic  oxygen  and  nitric  oxide  emit  a  continuum  radiation  called 
the  air  afterglow,  which  extends  from  375  to  beyond  3000  nm.  14,2_,23,_7  31 
The  intensity  of  this  emission  is  directly  proportional  to  the  product  of  the  number 
densities  of  atomic  oxygen  and  nitric  oxide,  ^  and  independent  of  pressure  of  bath 

14 

gas,  at  least  at  pressures  above  about  0.2  Torr.  Thus,  the  emission  intensity 
of  the  air  afterglow  is 

Vno  =  k(x)I°!(N01  •  (2) 

where  K<K)is  a  calibration  constant  specific  to  the  particular  viewing  geometry 
and  incorporates  such  things  as  detection  system  efficiency,  the  size  of  the 
observation  volume,  and  the  absolute  air-afterglow  rate  constant,  k  is  a  function 


Because  of  the  large  number  of  references  cited  above,  they  will  not  be  listed 
here.  Sic  Deferences,  page  41. 


of  wavelength  both  through  the  detection  systems'  spectral  response  as  well  as 
Through  the  wavelength  variation  of  the  air-afterglow  rate  constant.  Air-afterglow 
intensity  measurements  on  known  number  densities  of  both  O  and  NO  determine  k. 
Titration  of  :s  witn  NO  (Reaction  (l)|  produces  known  number  densities  of  atomic 

oxy  t/t  n. 

In  tiie  absence  of  added  nitric  oxide,  N-atom  recombination  generates  ehemi- 
iun mescence  from  tin  nitrogen  first-positive  hands.  the  intensity  >f  which  is 
I'l  opoi  ruuia.  to  ’h"  o:  tin  N-  turn  number  density,”" 

\  \  .  i  •  i  .-I 

1  1  •  -V  'i.  .*  •  ii.  (ill  :”.-puriitivi  hand  *  .  (■)  ) 

'■  ••liiion  oi  XT  >  the  liri-l-positive  emission  mtensite  decreases  untiL  such  noint 
'be  '-iii  i!i!  it;,  of  M  <  :»  cue  baiuin  is  tin  amount  of  N -atoms  initially  in  the  How. 

.1  this  noint,  tile  end  pom*  oi  the  NX)  titration,  all  X  initially  in  the  reactor  has 
jd.ihTi'auve.  ■.  >•  a.  »•  to  lo:  i;  u,  and  th<  :  ea  tor  is  dark.  Adding  even  more  NO 
to  th*  dv  lor  pro-  •  *  llr  in  -aftcrgio-'  emission  and  the  intensitt  ol  tins  enus- 
sieu  varies  linear  :>  nti  tin  amount  of  Ni  >  :uitii  <!.  1  An  N-otoni  titration  plot  is 
.  I  i .  .  .  . 

*iiJ  < o p :  o,ioi  a  ...  rming  tin  >  han.o  it.  the  air-Mti  rgu.w  intensity  a,-  a  mil.  non 
oi  :  '1X111  lor  M  '  emit  .on.-  yorr!  the  tit  ration  i  no  point  is 


vin  *•  n  t!  >*  'om-tair  of  p:  o[  ort.ionalitv  relating  the  air -afterglow  intensity  to 
the  produ.  t  |«  »l  IN'*  »|  ,  jN|  is  tin  number  density  of  N -a toms  initially  in  tlie  reactor 
pi  ”o-  to  \i  »  r •uiitioii  anti  tin-  O— ...tom  number  density  lor  NO  additions  beyond  the 
nti'iitc.i.  er.  :  point,  :i'r  |N'  *|  rct'err  to  tr.<  NO  number  density  tiiat  would  obta:  ; 
in  me  al.sei  e  ot  Kea-tion  (1».  Tin-  factors  then  is  determined  to  be  tnc  ratio  of 
the  sf|:.iar<  of  ’he  sopc  to  tin  intc  reept  of  the  line  describing  the  change  in  air- 
ni  '>  i  i n'i  usd  itii  jN<  >1  . 

J.X  1  \(h*i itiicnlal  I .'cliiiMpi.. 

i  he  experitm  ntal  measurements  involved  monitoring  the  air-afterglow  inten¬ 
sity  at  three  to  live  duferent  number  densities  ol  added  nitric  oxide.  I’he  atomic- 
oxygen  number  density  is  the  ratio  oi  the  slope  of  the  vs  (NO)  r|,|tr|  plot 

divided  by  the  calibration  constant,  x.  .In  intercept  of  tiie  Iq/jvtq  vs  [NO]  line  on 
thi  ordinate  indicates  that  nitrb  oxide  is  an  N.,0 -discharge  product  along  with  the 


atomic  oxygon,  ami  the  number  density  of  this  product  NO  is  the  ratio  of  the  inter¬ 
cept  to  slope  ol  the  vs  |NO|  line.  An  intercept  on  the  abscissa  indicates 

that  nitrogen  atoms,  produced  in  the  N.,0  discharge  along  with  the  atomic  oxygen, 
consumed  some  of  the  added  NO.  The  initial  N-atom  number  density  is  equal  to 
the  added  NO  number  density  at  the  point  of  intersection  of  the  vs  [NO]  line 

and  the  abscissa.  O-atom  number  densities  determined  from  the  slope  of  such 

plots  must  be  corrected  tor  the  additional  atomic  oxygen  made  in  the  titration  of 
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the  initial  N  atoms  with  the  NO.  The  large  rate  coefficient  for  Reaction  (l) 
and  the  long  flow  time  from  the  discharge  to  the  observation  point  (=  45  ms)  pre¬ 
cludes  the  possibility  that  both  atomic  nitrogen  and  nitric  oxide  will  coexist  as  far 
ns  the  detector. 

A  series  of  calibrations  taken  over  a  period  of  time  established  k  to  be  ±8  per 
cent.  The  slopes  of  the  vs  |NO|  plots  for  the  determination  of  |0]  had 

standard  deviations  less  than  f>  percent.  Thus,  the  determination  of  (O)  is  in 
principle  accurate  to  2.10  percent. 

After  determining  the  O-atom  and  N-atom  or  NO  number  densities,  we  con¬ 
verted  them  to  flow  rates  so  that  we  eouid  make  reasonable  comparisons  from  one 
set  of  conditions  to  another.  This  approach  affords  greater  recognition  of  the 
similarities  and  differences  between  experimental  runs.  For  example,  runs  with 
1400  Mmol  s  1  of  argon  through  the  discharge,  generated  approximately  the  same 
O-  and  NO-prorluct  flow  rates  from  a  given  input  of  N^O  whether  the  pressure  was 
o.  >3  ot  1,2")  Torr.  The  number  densities  of  the  products  from  the  two  experi¬ 
ments,  however,  differed  by  a  factor  of  2.5.  Under  our  baseline  set  of  conditions 
1  ^  -  l  loo  /amoi  s  l,  I'  m  ~  11)  junto!  s  ,  p  =  1.2  Torr,  and  30  W  forward 

power  from  the  discharge,  an  atomic-oxygen  flow  rate  of  20  jumol  s  1  corresponds 
to  an  O-atom  number  density  ol"  about  5  >  10  atoms  cm  .  In  one  experiment 
we  produced  more  than  l/3  Torr  ot  atomic  oxvgen  15<)-ms  downstream  from  the 
discharge  at  a  power  ol  onlv  3o  \\  . 

Oni  complication  in  using  the  air-afterglow  technique  to  measure  O-atom 
number  densities  is  the  slow  removal  of  atomic  oxvgen  in  a  three-body  recombina¬ 
tion  r<  a  tion  w  ith  NO; 

32.  llusam,  I).  ,  and  Mater,  N.K.Il.  ( pilu)  Kinetic  study  of  ground  state  atomic 

nitrogen.  N(2  by  time -resolved  atomic  resonance  fluorescence, 

J.  them.  Mr  .  Faraday  Trans.  11  TMfiOe. 

33.  Fee,  .Michael,  I .  V  .  „  Fame ,  A.  A.,  and  Stief,  I..J.  (1978)  Absolute 

rate  ot  tin  reaction  of  \(S)  w  ith  NO  from  101,-400  K  with  IJF-KF  and 
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34.  i  lym  ,  M.4.A.  ,  and  MclJermid,  l.S.  (l'‘7d  Mass  spectromctrii  determina¬ 
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O  +  NO  +  M  -»  NO.,  +  M  (k,.  =  7  •  1>i  cm  mole  cult-  ”  s  *  for  M  =  Ar)'  ’ 

(<0 

O  +  NO.,  -  NO  +  O  ,  (k~  =  !'.  5  '  in  *"  cm'’  molecule  *  s  *)'*  '  (7) 

The  second  i-eaction  is  fast,  and  maintains  a  constant  NO  number  density,  while 
doubling  the  effective  rate  at  which  O  is  removed  in  Reaction  (6).  The  effect  of 
these  reactions  is  strongest  at  higher  pressures  (>  1.  5  Torr),  longer  mixing  times 
(>3d  ms)  and  large  NO  number  densities  (>  10*  molecules  cm  "*).  Corrections 
for  this  effect  were  generally  less  than  5  percent  in  the  calibration  experiments 
to  determine  k.  However,  in  a  few  of  the  experimental  runs  at  higher  pressures, 
slower  flow  velocities,  and  large  product  nitric-oxide  number  densities,  the  cor¬ 
rections  were  large.  These  cases  required  an  iterative  procedure  to  correct  the 
data. 

Because  the  nitric-oxide  number  density  is  constant  along  the  flow  tube,  the 
removal  of  atomic  oxygen  by  Reactions  (6)  and  (7)  is  a  pseudo-first-order  process 
with  a  rate  coefficient  double  that  appropriate  to  Reaction  (G)  alone.  Thus,  O-atom 
number  densities  decay  exponentially  down  the  tube: 


where  the  pressure,  P,  is  in  Torr,  V  is  the  bulk  flow  velocity,  and  the  subscripts 
1  and  2  refer  to  number  densities  or  distances,  z,  between  the  discharge  and 
injector  and  between  the  injector  and  detector,  respectively.  The  correction 
procedure  first  involves  computing  approximate  O-atom  and  NO  product  number 
densities  from  the  raw  air-afterglow  data.  Second,  a  set  of  corrected  air-after¬ 
glow  intensities  results  from  multiplying  the  observed  air-afterglow  intensities  by 
the  ratio  [0|^/[0]  [the  inverse  of  Eq.  (8),  using  the  approximate  NO  number 
densities  determined!.  Atomic-oxygen  and  nitric  oxide  number  densities  are  then 
iteratively  recomputed  from  the  corrected  intensities. 
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3.1  General  Observations 


Figure  3  shows  how  the  emission  intensity  at  •  no.  varies  with  the  flow  t  ate 
ol  N,,0  through  the  discharge  for  several  different  discharge  powers.  As  the  N.,t ) 
flow  rate  increases  from  zero,  the  emission  intensity  rises  to  a  pas,  then  drops 
to  zero  (see  inset),  increases  again  very  sharply,  and  finally  levi  n  oil  at  (lie 
highest  N.,0  flow  rates.  'I'm  color  o:  .tv  •heir>iluimr.e.«vcn»*e  is  v»  Hqu  -m  anu*  at 
low  flow  rates,  flanges  '•>  n  very  r.unt  niui  near  when  tin  ■  -ic  i.a  ui  n  s 
»o  r*  re,  and  anally  turns  arev-gj  et  n  at  high  i..,t  >  I’m  ■  :  au  s.  A  title  the-  cast  rv<  ,i 
oior  changes,  and  if*  suosequent  results  of  the  ,\,  ate;  iv  >  nuinix  ;  tensity 
mensureinvir.s  suggested  a  tairtv  obvious  ltitertu  datum  *>t  tites  emu  rvati.ut.-,  •*.  t 
took  spectra  u:  ttte  emissions  it  tin  n  a*  ior  unclt  i  sevvra:  luff  rent  .•»«  u  or  .  <ui- 
uttions  so  that  out  interpretation  would  tec  unequivov  :\i. 

Figure  t  displays  the  uuravtuio?  spectrum  m  our  rt  actor.  It  is  strongest  at 
N.,t)  flow  rates  between  th.ose  giving  the-  initial  small  'rfo-nm  intensity  peak  anti 
tli*-'  dart-;  point.  Fromitu  ir  spc.trai  feattu  *■.-  ol  tin  ,\t  '  .  .  - .  ami  <■  -nanus  show 

tin.  excitation  of  the  molecule  by  three  -body  recombination  •>!  '*  and  N  atoms." 

!■  j;  N.,< »  additions  past  those  giving  tin  ihi-iun  dark  pomt,  this  spectrum  is  com  • 
pit  '*  i'  i  .-f  mg.,  sin  o. 

Figures  ’’  an--  •  shew  the  sp»-»  tra  In  tu  eon  for  an  -  ; .  1  »  t  m  v.  h-.*r.  tin  N.,t'  :  t .  >  v- 
rates  an  --musted  te  give  tin  initial  3  .'I  '-ntn  int*  ns  tty  peat;  '  i  to  gift  tile  st;  on. 


ri  t  n  ■  rums ten  occur  r.tig 


tn-  on  rk  point  m  tin  ! 


‘  \f  ) 


respective,  v.  i'iv  spe  '  trui".  in  t  igtire  >  snow  s  tile  nitrogen  tirst-positr.  i 

<13  l:  •  A  \  i  band  with  a  vibration:,  distribution  peak*  1  at  vibrational  'ey  <  Is 

• »  ■  ;  ■  ,  , 

!•>.  11,  and  l'J  .  dura  ,-tei  istic  fit'  three -bony  N-atnm  r*v  ombinatton.  "  I  datiri  > 
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Figure  •'/.  Variation  in  t mission  Intensity  at  r>30  nm  li'om  Ar/N-»0  Dis¬ 
charge  Produc  ts  as  a  Function  of  N.,0  Flow  Hate.  The-  inset  shows  in¬ 
tensity  variations  at  low  N.>U  flow  rates  where  the  signal  levels  are  two 
orders  of  magnitude  below  those  at  higher  N0O  flow  rates, 
f ,  =  135*5  gmol  s'1,  p  =  1.  13  I'orr 


Figure  4.  Ultraviolet  Spectrum  I'roduoetl  in  N  +  O  +  Ar 
Kecombination.  AX  =  0.2  nm.  f,\r  =  1470  pmol  s"  1, 
tj^  ( j  "21  pmol  s'1,  p  =  1.  18  To'rr,  power  =  SO  W 
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Figure  6.  Air-afterglow  Spectrum  From  Discharged 
N20/Ar.  The  short  wavelength  limit  is  set  by  a 
Corning  3-69  glass  filter.  fAr  =  4882  s'1. 

fN  q  =  45  (imol  s"1,  p  =  3.  50  Torr,  power  =  50  W 

Figure  6  shows  the  continuum  emission  known  as  the  air  afterglow  that  results 
from  recombination  of  atomic  oxygen  and  nitric  oxide.  The  peculiar  spectral  dis¬ 
tribution  is  caused  by  a  Corning  3-69  colored  glass  filter  that  eliminates  radiation 
to  the  blue  of  52  0  nm,  and  by  the  rapid  decline  of  photomultiplier  sensitivity  at 

longer  wavelengths.  The  true  air-afterglow  spectral  distribution  declines  only 
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2  5  percent  between  600  and  800  nm. 

The  preceding  observations  identify  atomic  nitrogen  and  atomic  oxygen  as 
discharge  products  at  low  NgO  flow  rates.  At  high  N,,0  flow  rates  nitric  oxide 
accompanies  the  atomic  oxygen,  and  at  intermediate  N90  flow  rates,  the  discharge 
produces  neither  nitric  oxide  nor  atomic  nitrogen,  only  atomic  oxygen.  Figure  3 
shows  that  this  intermediate  point  where  neither  N  nor  NO  is  made,  is  a  function 
of  discharge  power,  occurring  at  higher  N^O  flow  rates  when  the  discharge  power 
is  higher.  The  initial  peak  in  intensity  at  580  nm,  which  is  due  to  atomic-nitrogen 
recombination  is  much  more  intense  at  higher  discharge  powers,  indicating 
greater  N-atom  production  rates  at  higher  powers.  The  dramatic  increase  in  the 
air-afterglow  signal  at  higher  discharge  powers  that  is  observed  at  high  N,,0  flow 
rates,  shows  that  the  higher-power  discharges  produce  much  more  O  and  NO. 


'.'in-  .  >:  in  i  -  A  ‘is  uar:.''  -v:A  i;i  it,  figure  2  at  the  higher  N.,0  flow 

r-a a:i  :  -  •!  ■«  !'■>:  data  on  a  )-V\  dis :  barge  that  art  nut  shown,  coiTf- 

s;Miit;is  t'i  c,  in  ttiau  ■■  ir-ini':  th  at'  the  available  discharge  power  being  used  dis- 
.-'ic a  ilaa  \.,i  >.  I't-.t  air-atiffiilo.1.  intensity  at  the  plateau  establishes  the  product 
i  ,1  \,  ,  tit.'  •  ■  :  'ii.  ,  a ! ibrat tot.  constant  x.  Hie  .NO  ns  formed  Inrough  the  reaction 
o;  <  >(’)»  ilh  N  ,0  (st  ,  the  follow  ing  discussion)  with  a  stoichiometry  such  that 

mol  of  O('p)  ar<  consumed  to  make  1  moi  of  NO.  To  calculate  a  minimum 
a  ip.ired  cue)  '.I  nssui  m  that  all  atomi.  ox;. gen  comes  from  a  dissociation  of 
\,m  to  >('*!*>  mnsii-hu  1.7  1  e\  per  molecule,  ami  that  the  NO  comes  from  dis- 
s  '  ia  ting  N  o  to  « >f 1 !  it  requiring  3.  ■  ill  rV  per  molecule  followed  by  its  reaction 
w  i’ii  N.,1).  I’ln  s>-  cm  reiis  translate  to  minimum  powers  of  0.  Ida  and  0.384  W 
lie  lo  to  pioducc  l  jinol  s  *  of  O  and  NO,  respectively.  The  total  minimum 
I  tow  it  for  a  -liven  product  efflm  nt  then  is 


P  .  =  o.  in:,  p 

min  O 


n.  2  84  P 


Nt) 


(9) 


Know  ing  the  produ ■ t  ‘o'no  fixes  one  flow  rate  in  terms  of  the  other.  Differenti¬ 
ating  i.<|.  (!•)  with  respeit  to  the  unknown  flow  rate  and  setting  the  result  equal  to 

zero  establishes  P  =  n.44  (!•’  where  P  .  is  in  W  and  the  flow  rates 

,  nun  O  NO  nun 


a  r i •  in  nmol  s 


-  1 


.1.2  Ou.itil it.tl i\ e  ()l).ru,ilioil- 

I'ifUM  7  shows  the  variation  in  tin  "tH'i-nm  <  mission  intensity  as  a  function 
of  NO  number  density  for  several  t:ov.  rates  of  N.,'  >  through  a  30-VV  Ar/N,,0  dis- 
.  iiargi  at  1.  34  i'orr.  The  slopes  of  these  lines  divided  by  the  air-afterglow 
calibration  ■  oiistant,  k,  determine  the  O-atoni  number  densities  for'  each  N,0  flow 
rate.  i'lie  lines  for  the  two  lowest  X.,0  flow  rates  have  intercepts  on  the  abscissa 
in  li  -siting  that  tin  -list  barge  mad<  atomic  nitrogen  in  addition  to  the  O-atoms.  The 
olm  r  'uree  l.nes  a i .  have  inter  .!  uts  on  the  ordinate  showing  that  tin  product 

a-  '  >i  i  null;,  in  i.i  i  <  a  ton  ii<  oxvgi  n  was  mire  oxide,  figure  I!  summarizes  Uu  data 

ol  i  'inure  7  i  >  .'bowing  how.  Uu-  flow,  rati  a  of  <  )  ami  N  or  NO  out  of  the  disehai  ge 
,  !■  >  v  :  t.u  ihi  ini.',  i  ati  of  N.,0  into  the  U.-'ciiargi  .  At  low  N.,t>  flow  rates,  the  eiis- 
!.,u  :•<  oi.-.i  i  t.  :  nproxim  tt.  l\  7  :  j  :  i  ■  eiit  ol  the  N.,0  into  atomic  oxygen.  Ulidcl 
.in  .  ,  r  ■  omn i  ti nr-  in  ’).ir  r,  '  nisi  nnrges  convert  only  about  3u  per< ent 

of  the  'icic  tint  own  n  to  atoms,  v  lull  \i  /  N,  discharges  dissociate  only  about 
i.’lic  .  : )  : .'  a  i  1 1 ,  f  i  1 1  m  n . 

1  •••  .,  i  .  .  !  ‘;  -l  n  ,  I ).  1 1 .  ,  I !  i  '!i  . ,  i>.  .  ,  am  i  bell  iff ,  1 1 .  I .  (Poll )  Me-a.sure  - 

■  at.-  ii  ib‘  i  '  .at iv  )  >1*  >  on  Units  tor  Mi"  quenching  ol  atoms  by 

\  ,<  \  ,  in  i  ■]•  :  b  in:;  ia  '  a  ■  ■  ■'  tls  N><  1  h  action  at  2d  ,.u  !  -  "  'i  , 

.  i’ii  i  '  i  c  .  1  .  !  1  •  . 
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Figure  7.  tntensitv  at  880  nm  as  a  Function  of 
Added  NO  Number  Densitv  for  Discharged 
N,,Q/Ar 


fflr-l46l/j.mol  s'1,  30 W,  P=l  24  Torr 
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Figure  8.  The  Production  of  O,  N,  and  NO 
From  Ar/N00  Discharges  as  a  Function  of 
N,,0  Flow  FfSite 


Atomic-nitrogen  yields  from  the  Ar/N^O  discharges  at  low  flow  rates  are 
generally  10  percent  or  less  of  those  of  atomic  oxygen.  Nitric  oxide  production  at 
the  higher  N90  flow  rates,  on  the  other  hand,  approaches  that  of  atomic  oxygen 
under  certain  conditions.  An  additional  interesting  feature  is  that  the  product-NO 
flow  rates  appear  to  increase  linearly  as  the  N90  flow  rate  through  the  discharge 
is  increased. 

Figures  9  and  10  show  how  the  O  and  NO  products  vary  with  N90  flow  rate  for 

two  different  argon  flow  rates  at  each  of  two  different  total  pressures.  VV'e  have 

omitted  the  appropriate  atomic-nitrogen  curves  for  clarity.  The  intercepts  of 

the  NO  data  indicate  the  transition  point  between  N  and  NO  production.  These  plots 

show  1  hat  higher  Ar/N90  mixing  ratios  suppress  nitric  oxide  production,  and  that 

the  onset  of  NO  formation  is  delayed  to  higher  N.,0  flow  rates,  and  the  efficiency 

of  NO  production  as  a  function  of  N^O  flow  rate  is  smaller  for  larger  flows  of 

argon  through  the  discharge.  The  slightly  smaller  O-atom  production  efficiency 

at  the  higher  N„C)  flow  rates  in  Figure  9  for  the  case  of  the  large  argon  flow 

through  the  discharge  probably  results  from  a  larger  fraction  of  the  available 

discharge  power  being  taken  up  by  the  argon.  The  lower  O-atom  production 

efficiency  of  the  uw  argon  flow -rate  case  in  Figure  10  probably  results  from 

enchained  wail  recombination  of  the  atomic  oxygen  at  the  lower  pressures  during 

the  longer  residence  time  in  that  discharge.  Atomic-recombination  wall  efficiencies 

4  u 

in  a<  tive  discharges  often  are  on  the  order  of  (I.  1  to  0.  01,  large  enough  to  make 
wall  recombination  a  diffusion-controlled  process. 

Figure  11,  in  v.  Inch  the  discharge  residence  time  remains  relatively  constant, 
again  shows  the  same  trend.-;  in  nitric  oxide  formation  as  a  function  of  argon  flow 
raw  through  the  discharge  as  was  shown  in  Figures  9  and  1<>  for  the  ease  of  con¬ 
stant  press’ll-'  . 

Figure  1  ’  show  s  that  at  constant,  argon  flow  rate,  nitric  oxide  formation 
depends  neither  upon  discharge  re  -siden  e  tune  ,  nor  pressure,  thus  reinforcing 
Figures  9  ami  1  •  v  k«  re  the  pre  ssure  was  constant  and  Figure  11  where  the 
resi-ter.ee  times  wo:  similar.  The  ditte  re-me-s  in  O-atom  production  efficiency  in 
I  ir"’c  i  >  in- tv.  ecu  the  >?  and  1.24  Torr  cases  may  not  be  significant.  The 
maximum  deviation  of  any  pair  of  these  data  points  from  their  average-  is  only 
■  >  per  cot,  and  •». ,  Id  not  m  ti  spate  a  leprodui  ibility  between  data  taken  under  the 
same  i)intii  ions  hut  on  different  days  to  be  any  better  than  1"  peree-nl.  The-  lower 
O-atom  [)i-.)  'm  ton  at  tin-  highest  pressure  probably  re- suits  from  che  mical  removal 
of  ‘  >  during  «h<  mm  li  longer  residence-  times  and  at  the  higher  number  dens i ties  of 

live  sp-  cies  »,  tin  dim  barge  region. 

*  '•  ka-u'c.aii,  I  .  (j'-i  •>)  The  prediction  of  atoms  and  simple-  radicals  in  glow 
bis  hai  re  =,  . civiiN-.  es  in  t  hem.  Sor.  80:29. 
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i'iuun  .o:n pari tile  O  :m<:  NO  pr< -unction  fro.  i  Ar  •  \  * '  v.u  t K  \,,0  111s- 

c barges.  I’iu  ile  '  N.,t  >  discharge  produces  nitric  oxide  at  ail  N.,' 1  Now  rates,  am! 
in  > ■ ., ;itid!!,  is  'J'y  to  |h  n  cm  less  efficient  as  a  sour-  e  of  atotiiii  oxygen  tiian  is 
tlu  \r  '  \..t  >  discharge.  This  lower  efficiency  is  consistent  with  oar  observations 
that  the  fractional  O,-,  dissociations  in  lie  O.,  discharges  are  onlv  anout  2 1 >  to 
21  por-ent  in  our  system  compared  to  the  ~  oh  percent  fractional  dissociation  in 
an  Ar  <  >.,  his  harue.  A  >  discuss  the  differences  between  the  Ar  N.,0  and  He 
tlisi  hnrg«  s  furtiier  in  the  next  s<  ction. 

Adding  molecular  nitrogen  to  the  discharge  suppresses  niti'ie -oxide  formation, 
but  at  tile  expense  of  a  reduced  atomic -oxygen  production  efficiency,  figures  14 , 

1  >,  and  lii  demonstrate  this  point  for  cases  of  low,  medium,  and  high  initial 
nitric-oxide  production  efficiencies,  respectively,  for  the  ease  of  low  N90  flow 
rate,  fairly  small  flows  of  N9  remove  all  the  NO  whereas,  for  the  high  N00  flow¬ 
rate  case,  even  when  the  N’.,  comprises  3U  percent  of  the  total  flow  through  the 
discharge,  some  of  the  NO  remains.  Liven  so,  the  nitric  oxide  product  is  reduced 
by  almost  two  orders  of  magnitude  while  the  atomic-oxygen  effluent  only  is  halved. 

figure  IT  demonstrates  that  increased  discharge  power  enhances  significantly 
atomic-oxygen  yields  at  the  higher  N00  flow  rates.  At  the  low  N.,0  flow  rates, 
the  3D-  and  Ao-U  discharges  produce  O  atoms  from  N00  with  equal  efficiency. 
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Figure  14.  Variation  in  the  Flow  Rates  of  O,  N,  and 
NO  Products  From  Ar/^/NoO  Discharges  as  a  Func¬ 
tion  of  No  Mow  Rate.  fa-  =  1390  Mmol  s'*,  f - ,  n  = 

18.  5  Mmol  s'1,  p  ~  1.2  3  Tori’,  power  =  30  \V  2 
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However,  at  the  nmhest  N..U  rate  studied,  the  au-W  discharge  produces 
o  pi  rctnt  more  atomic  oxygen  titan  does  the  30 -W  discharge.  The  apparent  nitric 
oxide  production  efij.  un  ies  seem  to  be  similar  for  the  two  different  powers, 
aitnough  we  know  from  tlie  observations  relating  to  Figure  3  that  the  higher  power 
discharge  requires  higher  N.,>  >  flow  rates  before  NO-production  commences. 

4  hlM.IIC  IMKRPKH  VIIONS 

Following  l!ng,  "  we  expe-  ted  N.,t )  decomposition  in  a  microwave  discharge 
a ould  occur  primarily  via  die  spin-allowed  electron-impact  dissociation  pathway, 

e  +  X.(0  —  N.,  +  0(^1))  +  c  ,  (id) 

with  tiie  O('lj)  rapidly  quenched  to  t)(  ’P)  by  Ar  and  wall  collisions.  The  principal 
pathway  for  NO  formation  then  would  be  reaction  of  O(^D)  with  N.,0: 

0(!U)  +  N.,0  -  NO  +  NO  .  (11) 

However,  w e  could  not  explain  N-atom  pi’oduction  in  the  discharge,  because  N 
formation  from  electron-impact  dissociation  of  N.,0,  N.,,  or  NO  should  be  too 
slow  to  compete  with  NO  formed  from  HetuUon  (11).  Furthermore,  Reactions  (lb) 
and  (11)  would  constitute  a  prolific  source  ol'  No,  in  contrast  to  our  observation  of 
[0|  >■'  (NO|  .  Thus,  strictly  qualitative  arguments  do  not  provide  an  obvious 
kinetic  explanation  of  our  results  for  Ar^N.,0  discharges. 

We  have  developed  and  exercised  a  simple  kinetic  model,  assuming  tvpiial 
(and  somewhat  idealized)  discharge  properties  and  surface  recombination 
efficieiu  ies,  to  provide  a  better  understanding  of  the  discharge  kinetics,  i’iic 
model  includes  tin  major  production  and  loss  terms  for  oa<  h  reag<  lit,  mi  tastaldc 
i ntcrmi  dialc ,  and  prodm  t  tiiat  arc  like  ly  to  contribute  significantly  to  tin  observed 
results.  I'hc  resulting  rate  equations  arc  sufl'ii  u  ntie  i  ouplc-d  so  as  to  ri  quirt 
numerical  solution  by  omputi  r.  Fi it  kinetic  model  shows  that  the  decomposition 
of  N.,' '  by  i > on c lions  (l1*)  and  (11)  tails  to  i  xpla in  util  oh. si  i  \  i  d  t  >  and  \<  >  \  i<  ids , 
end  indicates  that  the  spm-forbidden  prociss, 

c‘  r  N  ,<>  -  \„  +  i  ><"p)  t  i  “  (l  it 

must  form  a  substantial  amount  ol  (>  directly  from  N  ,t  >.  Hu  di.-so  latum  ol 
N 0 e  >  by  \r(  T)  nu  tasUibles, 


(13) 


Ar*  +  N  O  -  N  (B  3n  )  +  0(3P)  +  Ar  , 

£  £  g 

appears  to  be  another  important  pathway  for  O-atoin  production.  Electron-impact 
dissociation  of  metastable  N^,  primarily  N2(A  E  )  formed  by  rapid  cascade  from 
N,^(B  3ng)  produced  in  Reaction  (13),  is  an  important  source  of  N  at  low  initial 
N20  levels: 

e"  +  N  *  -  N  +  N  +  e  .  (14) 

The  next  sections  describe  the  final  kinetic  model,  the  choice  of  rate  param¬ 
eters  for  the  calculations,  and  the  kinetic  interpretations  of  the  data  base  that  the 
modeling  implies.  The  kinetic  modeling  in  this  context  substantiates  mechanistic 
interpretations  of  the  experimental  data.  It  does  not  determine  ab-initio  quanti¬ 
tative  rate  coefficients  or  species  concentrations,  nor  can  it.  However,  the 
results  of  the  modeling  can  give  reasonable  estimates  of  the  magnitudes  of  con¬ 
centrations  of  species  not  observed  directly  in  the  experiments. 

i.l  of  Kractions  and  Kate  t.oef fn  ients 

F  igure  18  illustrates  the  flow  of  chemical  processes  in  our  model;  Table  1 
lists  important  reactions  and  their  rate  coefficients.  In  this  table,  Ar  denotes, 

3  3 

collectively,  the  k  P  and  P.,  metastable  states  of  argon,  and  N., '  denotes  meta¬ 
stable  N7 (A  ’’li  )  as  formed  by  rapid  cascade  from  the  higher  electronic  states  that 
are  the  actual  initial  products  of  the  reactions.  Some  of  the  A\,  removal  rate 
coefficients  incorporate  the  possibility  of  vibrational  excitation.  Rati  coefficients 
for  the  neutral  bimoleeular  reactions  conn-  from  information  available  in  the 
literature  with  no  further  adjustments. 

Electron-impact  and  surface  removal  processes  gom  rn  the  production  and 
loss  terms  for  critical  species  such  as  Of1!)),  Ar  ,  and  \  ,  .  I  hc  rate  p.<  ram- 
eters  for  these  processes  arc  difficult  to  estimate  to  better  than  in  order  of  m.i  :  - 
nitiulc  be cau st  they  are  strong  functions  of  >  ondiiions  ir.  the  lis.-harac.  Tin 
absence  of  dissociation  cross-section  data  for  X..O  and  V,  further  compounds 
ttiis  problem.  While  v.  c  can  <  stim.-ti  •  oeffii  ients  for  tin  so:  la.i  -to  movai  pr.  - 
esses  fairly  reliably  from  lil'fusion  ‘arguments  and  priviou.-:  observations,  c  i 
must  rely  on  intuition  to  estimate  the  elt .  tron-impai t  ••otllicii  nls  nas< c.  on  l.no.1.  - 
ing  cni  rgv  thresholds,  cross  sections  for  tin  >i<  su  mi  spi  ,  it  s  or  similar  nod-  .  - 

tiles,  and  c  li  ctron-i  nergy  distributions  normally  ontaim  I  in  such  lis  -harpi  s. 

4  ■ ' 

Kaufman  has  discussed  tlu  si  onst.derat  ions  ia  soma  ta  ,  ana  •  ioi'Ii  oo  a* 
the  saim  prim  tph  s  lu  re.  Weassumt  type  a!  lis.  hat  g>  .m  minus  I’  -  I  loi  r. 
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Figure  18.  Reaction  Pathways  for  N^O/Ar 
Discharge 

T  ~  500  K,  E/N  ~  10‘1G  V  cm2,  average  electron  energy  -'-2-3  eV,  and  primary 
electron  density  ~3  X  1011  cm’3,  with  uniform  properties  along  the  entire  length 
of  the  active  discharge. 

The  dissociation  of  N20  by  electrons  can  proceed  by  three  possible  pathways, 
forming  0(3P),  0(1D),  or  NO.  The  N-NO  branch  has  the  largest  energy  threshold 
[4.93  eV  as  opposed  to  1.88  eV  for  N2-0(3P)  and  3.66  eV  for  N2-0(^D)]  ^  and 
should  be  unimportant.  O^D)  is  a  critical  precursor  to  NO  through  its  reaction 
with  N„t>.  Thus,  the  predicted  NO  yields  are  extremely  sensitive  to  the  extent  of 
OCD)  production  (see  the  following  discussion).  0<  D)  also  is  formed  from  elec¬ 
tron-impact  excitation  of  0(3P)  and  is  collisionally  quenched  to  0(  P)  by  a  number 
of  species  in  the  discharge.  For  these  reasons,  the  N20  dissociation  branching 
ratio  is  the  most  critical  parameter  in  determining  the  O/NO  ratio  obtained  on  the 
discharge. 

One  branch  of  the  0(]D)  +  N20  reaction  forms  significant  amounts  of  N2  and 
O,,,  but  the  bulk  of  the  N’2  formed  arises  from  NgO  dissociation.  In  gas  mixtures 
containing  Ar,  the  reaction  between  Ar  metastables  and  NgO  provides  a  direct 
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intimation,  followed  by  surfact  recombination  nl  N.,0  and  or  dissociative 
refombmation  with  sctomlaty  electrons  to  i>ive  atom  it-  oxygen;  in  this  case,  N,, 
is  not  important  ami  i\  may  not  bo  formt-u  at  significant  it  vels. 

We  estimated  first-order  surface  removal  i  ritt -s  t.n  <.>(')>)  and  N,,  by  assum¬ 
ing  unit  deactivation  probability  and  usint  the  diffusion  o<|uation 

k  =  (2.4/  r)“  D/P  ( 1/ IJUd)  5'  “ ,  when  r  is  tin  radius  of  tin  discharge  tube.  It  is  the 
diffusion  eoeffit  lent  in  cm”  s  '  at  1  l’orr  and  duo  K,  P  is  the  pressure  in  i'orr, 
and  I’  is  the  temperature.  Diffusion  t  ot  Hr  it  fits  for  0(*D)/Ar*  ’  and  N,,  /Ar^  1  are 
in  the  literature.  Our  previous  observations  of  atomic  concentrations  in  partially 
self-reversed  discharge  resonance  lamps  allowed  us  hit'  estimate  recombination 
eoeffieients  for  OC^P)  and  N.^'  l’liese  species  do  not  appear  to  exhibit  unit 
recombination  efficiency,  even  in  O'-tivi  discharges. 
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Hie  kinetics  of  Ar  discharges  are  somewhat  complicated,  and  representation 
of  the  Ar  formation  and  removal  processes  presents  a  special  problem.  We  have 
chosen  to  express  Ar  production  and  loss  in  a  shorthand  form  using  direct 
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electron-impact  excitation  and  an  effective  first-order  removal  that  is  consistent 

with  other  observations  in  the  active  discharge.  In  previous  observations  of 

atomic-nitrogen  resonance  radiation  excited  by  direct  energy  transfer  lrom  Ar 

in  a  nearly-pure  Ar  discharge,  we  noted  that  the  addition  to  the  active  discharge 

of  significant  amounts  of  Xe,  a  strong  quencher  of  Ar  ,  reduced  the  steady-state 

number  density  of  Ar  only  moderately,  implying  that  the  net  ioss  rate  for  Ar 

must  be  near  lb  '  s  *  in  pure  Ar.  "  (This  effect  could  be  due  largely  to 

4 (l 

quenching  of  Ar  by  secondary  electrons.  '  )  Using  this  value  to  describe  Ar 
removal,  we  then  adjusted  the  Ar  production  coefficient  to  give  a  large  enough 
Ar  number  density  to  match  the  observed  N  and  C)  yields  as  described  here.  file 
resulting  rate  coefficient  is  consistent  with  a  pure  Ar  discharge  but  is  about  a 
factor  of  10  greater  than  we  might  expect  for  Ar  with  impurity  levels  of  a  few  per¬ 
cent.  However,  we  have  not  considered  other  Ar  sources  (for  example,  cascade 
from  higher  states  formed  in  dissociative  recombination  of  Ar,,  w  ith  electrons), 
and  our  assumed  electron  density  may  be  too  small.  In  any  case,  the  relevant 
factor  is  the  steady-state  Ar;  number  density  that  is  in  the  in*"  cm  '  range, 
consistent  with  Ar  and  He  metastable  number  densities  required  to  explain  flux 
ieveis  of  O  and  N  resonance  radiation  observed  in  microwave-discharge  line 
sources.  ^  1  <  Furthermore,  the  predicted  Ar'  number  density  is  only 

weakly  dependent  on  the  initial  N,,Q  concentration,  as  we  previously  observed  for 
Xe  as  a  collision  partner,  ')(l  This  latter  effect  is  important  for  our  analysis, 
because  e  +  N.,U  is  not  sufficient  by  itself  to  explain  our  observed  (0|/lN0|  ratios, 
and  we  require  that  2  0  to  50  percent  of  the  early-time  O  production  take  place  via 
Ar  +  N.,U  over  a  2  0-fold  variation  in  [N.,01  . 

1.2  Hesiill*  of  Falcolalions 

The  calculations  used  a  modified  predictor-corrector  computer  code  designed 
to  solve  numerically  "stiff"  systems  of  coupled  differential  equations.  '  rime- 
dependent  solutions  extend  500  /as.  typical  residence  times  in  our  discharges  an 
-  300  us.  Figure  10  shows  sample  results  for  an  Ar/N00  mixture.  At  about 
2 oi i  as,  the  kinetics  are  nearly  in  steady-state.  Figure  2n  displays  the  spec  ics 
concentrations  as  functions  of  initial  N.,0  leve  l  at  3n  '  us,  representative  of  the 
neutral  gas  composition  at  the  exit  of  the  active  discharge. 
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proceeds  to  completion  between  the  discharge  exit  and  the  measurement  station, 
i-  igurc  2  1  compares  the  final,  predicted  concentrations  of  O,  N,  and  NO  at  the 
measurement  port  as  functions  of  [N90]  ^  with  experimental  results  obtained  under 
comparable  conditions,  figure  2  1  also  indicates  predictions  for  the  case  where 
N,,0  dissociation  by  electrons  proceeds  entirely  via  the  0(^0)  production  channel 
[Reaction  (10)|  with  a  rate  coefficient  of  P>  1  cm  s  .  The  0(  P)  case  clearly 
compares  very  nicely  with  the  observations,  while  the  O(^D)  case  gives  too  much 
NO  and  not  enougii  O.  More  significantly,  the  predicted  |OJ/[NO]  ratio  is  incon¬ 
sistent  with  experimental  results.  NO  formation  is  overpredieted  in  the  case 
where  Keaetions  (in)  and  (11)  are  assumed,  because  at  early  times,  before  signif¬ 
icant  N9  has  built  up,  N0O  is  the  major  quenching  partner  for  0(ID).  In  that  case 

-  3 

every  three  N.,0  molecules  form  two  NO  molecules  but  no  0(  P).  As  N9  and  NO 
accumulate,  this  branching  ratio  moderates  somewhat,  but  most  of  the  NO  has 
already  been  formed  at  this  point.  Increasing  the  rate  of  Reaction  (10)  by  an  order 

of  magnitude  increases  (O J  but  does  not  change  |NO|.  Consuming  N90  by  electrons 

1  ^ 

faster  than  the  0(  D)  can  react  with  it  requires  an  unreasonably  large  rate  for 

Reaction  (lh). 

Thus,  direct  production  of  O(^P)  from  N90  is  necessary.  Reacting  N90  with 

Ar  provides  such  a  source.  If  we  reduce  the  rate  of  Reaction  (10)  to  agree  with 

experimental  INOJ  data,  however,  we  obtain  {O]  <  [NOj ,  unless  we  postulate 

extraordinarily  high  [Ar*J  .  Therefore,  we  must  conclude  that,  in  a  microwave 

discharge,  the  electron-impact  dissociation  of  N..O  proceeds  primarily,  if  not 

3  ^ 

entirely,  by  formation  of  0(  P)  in  a  spin-forbidden  process. 

Comparison  with  data  obtained  for  other  gas  mixtures  at  similar  pressures, 
flow  rates,  and  discharge  powers  (that  is,  comparable  discharge  conditions) 
strengthen  our  interpretations.  Calculations  on  He/N^O  mixtures  use  the  mechan¬ 
ism  of  Table  1  except,  of  course,  for  the  reactions  involving  Ar*.  He*  conceivably 
could  lead  to  O  formation  via  Penning  ionization  of  N9G  followed  by  dissociative 
recombination  of  electrons  with  N90  or,  possibly,  with  NO  ,  which  would  be 
formed  by  rapid  charge  exchange.  However,  this  mechanism  has  many  pitfalls: 

(1)  He  is  probably  in  somewhat  lower  concentration  than  Ar*,  thus  reducing  the 
overall  throughput;  (2)  N90  and  NO  might  be  subject  to  other  fast  loss  processes, 
such  as  surface  recombination;  (3)  dissociative  recombination  will  form  elec- 
tronicallv  excited  O  or  N  which  would  in  turn  lead  to  the  formation  of  NO  rather 
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Figure  2  1 .  Kxperimental  and  Predicted 
Concentrations  of  O,  N,  and  NO  at  the 
Measurement  Station  for  an  Ar/N.jO 
Microwave  Discharge.  The  solid  curve 
anu  points  are  the  experimental  data 
fine.  Figure  !i 


than  Of  T’>  |for  example,  ()(‘D)  +  N.,0  or  N(”l’i  +  N.,0)  .  In  view,  of  this  complexity 
and  the  lik<  lihood  that  the-  overall  <  ontrilnition  is  less  than  Id  percent  (that  is, 
mm  h  less  than  th<  A  r  +  \.,0  channel).  we  have  omitted  the  lie  kinetics  incur 
calculations.  figure  compares  the  predictions  for  the  lle'N  O  and  Ar'N.,0 
.  uses.  These  pre-flu  lions  relate  to  ’In  op,  i  inn  ntal  observations  shown  in 
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Figure  T<  shows  the  extension  ot  tin  as  ..lotions  to  \r  ,<  >  N,  mixtures. 
Again,  the  calculations  predict  tin  l'i  m  i  oi  havior  obs«  rvt  c  in  the  experiments. 
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this  case.  Furthermore,  the  addition  of  such  large  amounts  of  N0  to  the  discharge 
will  alter  the  characteristic  electron  energy  distribution  and  number  density  sig¬ 
nificantly,  and  might  render  kinetic  processes  involving  atomic-nitrogen  meta¬ 
stables  significant,  although  still  minor.  We  considered  neither  of  these  factors 
The  important  point,  however,  is  that  fairiv  large  amounts  ot  N.,  arc  required  to 
produce  enough  N  to  remove  the  NO  that  is  formed  in  Keaction  (11). 


a.  Sl  MMAtO  VM)  COM  U  NIONS 

The  experimental  results  show  that  Ar  ••  N..<  1  Usiharges  are  itv.te*  proliir 
sources  of  atomic  oxygen.  H  t  were  abi«  to  geiuratt  ■  >-at.r-  tiow  s  over  mme 
s  1  at  fairly  modest  discharge  powers.  The  source  is  also  vet  \  etu.-tent.  j:.- 
verting  about  7r>  percent  of  the  nitrous  uxt-le  to  atomt.  'svgei,  at  nitrous -ox  t  :t 
feed  rates  less  than  10  to  -0  nmol  s  *.  Judicious  manipulate)!,  o',  ms  charge  «  i  , 
and  the  addition  of  molecular  nitrogen  to  the  discharge  prevents  atomic  -nitrogen 
or  nitric  oxide  from  accompanying  the  rtomic  oxvgen  produ  t.  The  point  at  ’  hi.  h 
atomic  nitrogen  and  nitri;.  oxide  both  art  absent  is  in-.ii  rated  r-.-a  iii\  1\  -!n  arse  a 
of  emission  of  58<.s  nni,  N-atom  and  U  'NO  recombination  botli  being  .-•*!••  *ng  source, 
of  aSn-nm  emission. 

The  modeling  calculations  reprodu;  t  tht  experimental  results  rear  <trib.v  ■  i  h 
under  the  assumptions  that  the  electron-impa.  t  dissociation  of  N  O  pro  et  is 
through  tht  spin-forbidden  -.flannel  to  product  Of'H,  am:  that  about  '  1  percent  »>! 
the  dis  lociations  rt  suit  from  collisions  between  metastanlt  argon  mom;,  m  .  \  .*•  ». 

T fit  modeling  calculations  also  indi  ntt  that  perhaps  as  :.m  n  m-  i  pi  in-cut  of  the 
nitrous  oxide  fed  to  the  disrhargi  is  undissociatt  am:  that  the  moic.u:  m  oxvgen 
flow  rates  out  of  the  discharge  are  gene  rally  an  order  u  mmmitudv  K  ss  thus,  then 
of  atomic  oxygen.  Thus,  the  argon  nitrous  oxidi  discharge  can  In  a  reialivel'. 
clean  source  of  atomic  oxygen  with  only  minor  amounts  ot  otomi.  nitron  nitre 
oxide,  or  molt  cuiar  oxygen  accompanving  th.e  O-ntoms  out  oi  tin  trirgi  r«  .-lot. 
with  the  two  former  products  being  controllable  to  some  ext 
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Appendix  A 

Application  of  N2O  Discharges  to  COCHISE  O3  Studies 


The  recombination  of  atomic  and  moiecular  oxygen  may  give 
tionaily  excited  ozone  in  the  upper  atmosphere  via  the  sequence: 

rise  to  vibra- 

O  +  O,  +  M  -  03(v')  +  M 

(Al) 

0.,(v')  +  M  -  0,j(v")  x  M 

(A2 ) 

U.;  (v 1 )  -  0„(v")  ■>  hi 

(A  31 

\I  V’ 

Wt  '  i.  nt  rm-ki  ‘t.or’u  measurements  ’  of  infrared  atmosplu  ri<  omissions  :nm- 

■  ate  that  hemilunincsi  enee  in  tiio  :  fundamental  band  of  <  >„  [ Reaction  (Ao)|  may 
be  a  significant  source  of  10-  to  12 -uni  radiation  in  the  upper  atmosphere  between 

■  1  and  ’in  km . 

I’iie  1  OC  I11SK  facility  possesses  a  unique  capability  for  Hie  investigation  of 
ileoctions  (A  1 )  through  (AS),  owing  to  its  high  sensitivity  near  1"  uni.  A 


Al,  Nadili  ,  Stair,  A.  T.  ,  .Jr.,  Wheeler,  A,  H.  ,  l'rodsham,  1J.  G.  , 

Wyatt,  (.1..,  Maker,  U.  J.  ,  and  Griedler,  W.I'.  (1H78)  SPIKE -Spectral 
Infrared  Rocket  Experiment  (Preliminary  Results),  AKGi.-TH -7  8-oih7 , 
A I )  \ii  "if! 7 "4 , 

A2.  Green,  B.  D.  ,  Hawlins,  W.T.  ,  and  Caledonia,  G.L.  (li'BQ)  Interim  Hcport 
on  High  Altitude  Kadiation  Signatures,  Physical  Sciences  Ini'.,  TR-231. 


preliminary  investigation"  of  the  recombination  processes  yielded  the  first 

laboratory  spectra  ever  obtained  of  O.^  vibraluminescence.  In  these  experiments, 
09/Ar  mixtures  (0.  5  to  73  percent  O were  passed  through  the  microwave  dis¬ 
charges  to  produce  O.  09  and  Ar  were  alternately  used  as  counterflow  gases.  The 
important  findings  of  that  study  are:  (1)  most  or  all  of  the  observed  emission 
(limited  to  the  v g  band  near  10  pm)  was  the  net  result  of  recombination  and  col- 
lisional  deactivation  (Reactions  (Al)  and  (A2)]  occurring  in  the  discharge  sidearms; 
(2)  the  observable  steady-state  vibrational  populations  under  these  conditions 
extended  as  high  as  v'  —  6;  and  (3)  the  vibrational  analysis  was  complicated  by  the 
possibility  of  excitation  of  the  manifolds  of  the  combination  states  (i/^  +  v and 
(r9  +  v ^).  These  results  have  been  extended  in  more  recent  COCHISE  experi¬ 
ments;  these  data  and  their  aeronomic  significance  are  discussed  in  detail  in  an 

■  •  ,  Af, 

earlier  report. 

Successful  measurements  of  nascent  Og(v)  from  Reaction  (Al)  in  COCHISE 
will  require  (1)  attainment  of  favorable  pressure  (controlled  by  the  reaction  cell 
temperature)  and  atomic  oxygen  concentration  (controlled  by  the  discharge  con¬ 
ditions)  in  the  flow  interaction  region  of  the  reaction  cell  and  (2)  elimination  of 
fluorescence  contributions  from  O.^(v)  formed  in  the  discharge  inlet  tubes.  The 
experimental  conditions  required  for  the  first  goal  can  be  mapped  approximately 
for  typical  discharge  operations  by  means  of  a  steady-state  analysis  similar  to 
that  used  in  References  A3  and  A5.  Briefly,  0^(v),  formed  in  the  interaction  zone 
by  recombination  of  discharge -produced  O  with  counterflowing  09,  is  in  steady 
state  (while  the  discharges  are  on)  between  formation  by  Reaction  (Al)  and  removal 

by  both  collisional  relaxation  and  cryopumping  to  the  cell  wall.  The  collisional 

A7 

deactivation  rate  will  be  essentially  that  due  to  collisions  between  0^(v)  and  O, 
since  other  species  likely  to  be  present  (such  as  and  Ar)  are  relatively 
inefficient  relaxation  partners  for  Og(v).^’^  *  The  cryopumping  rate  is  difficult 
to  estimate  due  to  uncertainties  in  the  effective  cryocapture  coefficients  and  pos¬ 
sible  effects  of  wall  collisions  on  species  in  the  field-of-view;  these  uncertainties 
arise  primarily  at  elevated  cell  pressure  and  temperature.  Simple  mass  flow 
considerations'^10*  "^11  suggest  a  pumping  rate  of  1.4  X  104/Pmt  where  Pmt  is  the 
reaction  zone  pressure  in  mTorr.  The  results  of  this  steady-state  exercise  for 
three  cell  pressures  are  shown  in  Figure  Al.  The  effects  of  relaxation  by  atomic 
oxygen  can  be  seen  in  the  deviation  of  the  solid  curves  from  the  dashed  line.  These 
feasibility  estimates  indicate  that  the  most  favorable  conditions  for  observing 

nascent  distributions  are  pressures  near  10  mTorr  and  [0]/(09|  ratios  near 

*■*  Ao 

0.01  to  0.  1.  By  comparison,  previous  COCHISE  0?(v)  experiments  were 

Because  of  the  large  number  of  references  cited  above,  they  will  not  be  listed  here. 
See  References,  page 
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Figure  Al.  Anticipated  Og(v)  Yields  in  Interaction  Zone  for 
Discharge-flow  of  Ar/NgO  vs  02  Counterflow,  100  K.  The 
difference  between  dashed  and  solid  curves  illustrates  the 
effect  of  O  vibrational  quenching  at  high  [O]  /[ CVJ 


performed  at  3  mTorr  and  [OJ /[09]  <  0.  01.  No  evidence  could  be  found  of  03<v) 
formed  in  the  flow  interaction  zone;  this  result  is  consistent  with  the  prediction 
of  Figure  Al.  We  have  since  operated  COCHISE  at  reaction  zone  pressures  as 
high  as  30  mTorr;  however,  further  measurements  at  elevated  pressures  will  be 
needed  to  characterize  the  operating  conditions  and  effective  residence  times  more 
fully. 

In  order  to  observe  nascent  O^(v)  in  the  reaction  volume,  O  must  be  generated 

such  that  recombination  with  in  the  discharge  tubes  is  avoided.  An  attractive 

possible  method  is  by  microwave  discharge  of  Ng/N^O/Ar  mixtures,  in  which  O 

can  be  generated  in  the  near  absence  of  0„,  as  described  in  this  report.  This 

i  A 12 

technique  has  also  been  demonstrated  by  Ung;  however  his  experiments  were 
performed  for  flow  conditions  that  were  much  slower  than  those  used  in  COCHISE, 
and  the  results  cannot  be  extrapolated  to  COCHISE  conditions  reliably.  Thus,  the 
discharge  experiments  reported  here  provide  an  excellent  demonstration  of  the 
feasibility  of  using  an  Ar/N^O  discharge  in  the  COCHISE  experiments. 


Ai2.  Ung,  A,  Y.  -M.  (1075)  A  microwave  discharge  in  N20-N2  mixtures;  A 
prolific  source  of  oxygen  atoms,  Chem.  Phys.  Lett.  32:351. 
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Bast'd  upon  the  results  of  the  flow  i  t  a, -tor  expt  rinn  nts ,  we  cs-imai  a;.  ;  >  >  1 
ratio  ot  ~10  “  is  attainable  in  the  interaction  voliimt  .  i-’nu-  I  mma  A;,  n  m 
reaetiou  cell  pressure  ran  bt  maintained  at  m Tori'  b\  contruiicj  heal. nr  ol 
the  cell  walls,  Beaction  (A  1 )  should  form  enough  nascent  0,,(v)  to  detc.t  m  II.' 
fluorescence  . 

The  flow  reactor  results  also  provide  information  on  possible  delett  nous 
effects  due  to  the  presence  of  N,  NO.  O.,,  and  unn  acted  N..O  in  tin  discharge 
effluent.  It  w  lII  be  necessary  to  optimize  the  (.’Ot.'HISr.  aisOiarges  for  these 
effects  bv  observing  NO,  N  ,0,  anti  O.,  infrared  emissions  using  an  inert  counter 
flow  gas. 

Thus,  we  conclude  that  a  nascent  O.  (v)  obsi -rentier  in  Otii'lllM-i  using  an 
Ar/'N  .O  discharge  mixture  as  a  source  of  O  is  icasibU  if  tin-  apparatus  can  lie 
operated  successfully  at  elevated  reaction  cell  pressures.  I'he  iliftieulties  and 
uncertainties  associated  with  elevated -pres. -un  operation,  together  witii  the  un¬ 
to  optimize  the  discharge  conditions  and  gas  mixtures,  necessitate  can  Tul  Jcfini 
tion  of  these  experiments  before  they  commence.  This  effort  is  now  in  nrogrt  ss 
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